Systemic AA amyloidosis is a long-term complication of several chronic inflammatory disorders, including rheumatoid arthritis, ankylosing spondylitis, autoinflammatory syndromes, Crohn's disease, malignancies and conditions predisposing to recurrent infections. Organ damage results from the extracellular deposition of proteolytic fragments of the acute-phase reactant serum amyloid A (SAA) as amyloid fibrils. A sustained high concentration of SAA is the prerequisite for developing AA amyloidosis. However, only a minority of patients with long-standing inflammation actually presents with this complication, pointing to the existence of disease-modifying factors, the best characterised of which being SAA1 genotype. The kidneys, liver and spleen are the main target organs of AA amyloid deposits. In more than 90% of patients proteinuria, nephrotic syndrome and/ or renal dysfunction dominate the clinical picture at onset. If not effectively treated, this disease invariably leads to end stage kidney disease and renal replacement therapy, that are still associated with a poor outcome. Although the incidence of AA in rheumatoid arthritis and other chronic arthritides has continuously decreased over the past ten years, thanks to the increasing availability of more effective anti-inflammatory and immunosuppressive therapies, AA remains a life-threatening disease with several areas of uncertainty and unmet needs, deserving continuous efforts at prevention and effective treatment. The deeper understanding of the molecular mechanisms of amyloid formation and regression is now driving the development of novel treatments targeting different steps in the amyloidogenic cascade. These therapies will hopefully improve the quality of life and outcome of these patients in a near future.
Introduction
The past ten years have witnessed significant progress in the clinical management of systemic amyloidoses, thanks to the increasing availability of refined diagnostic techniques, the identification of novel prognostic markers for risk-stratification and the development of more effective agents that suppress or reduce the circulating amyloidogenic precursors [1] . Such improvements have been paralleled by a greater awareness of this group of diseases in the medical community, overall leading to earlier recognition and more tailored treatments. A significant impact of these advances has been seen in systemic, reactive AA amyloidosis, a long-recognised, severe complication of several chronic inflammatory diseases. Frequent and well-established conditions associated with AA in Western countries, particularly chronic inflammatory arthritis, have dramatically benefited from novel anti-rheumatic treatments in the past fifteen years. As anticipated by Hazenberg and van Rijswijk in 2000 [2] , a decline in the actual incidence of AA amyloidosis complicating rheumatoid arthritis (RA) could be foreseen to occur with a lag phase of at least 10 years from intensification of treatment. Such reduction in the occurrence of AA in RA and other arthritides is now established [3] and is also reflected by a change in the relative frequency of the inflammatory diseases underlying AA in patients diagnosed over the past ten years at some centres [4, 5] . However, once it develops, AA amyloidosis continues to challenge our treatment capabilities, because of the lack of therapies that adequately suppress inflammation in several cases and the frailty of these patients when renal function significantly declines. Overall this remains a complex and potentially life-threatening disease with several areas of uncertainty and unmet needs, deserving continuous efforts to prevent and treat it effectively. In this review we discuss current standards in the diagnosis and treatment of AA amyloidosis, highlighting areas of uncertainty and foreseeing further improvements related to the expanding understanding of the molecular mechanisms of amyloid formation and regression.
Molecular mechanisms of AA amyloidosis
The conversion of the circulating soluble protein serum amyloid A (SAA) into stable, highly ordered amyloid fibrils that accumulate extracellularly causing organ damage is a multi-step process that is primed by a persistently and abnormally high concentration of this protein in plasma. As an acute phase reactant secreted by the liver under the transcriptional control of interleukin-1 (IL-1) and IL-6, SAA increases up to 1000 fold following an inflammatory stimulation. If such stimuli persist, as occurs in several chronic diseases, SAA concentration may reach a critical threshold over which it becomes prone to aggregation. This property is common to other soluble proteins that may undergo misfolding, aggregation and ultimately generation of cross-β-sheet amyloid fibrils in vivo following an absolute or relative increase in their concentration in a tissue or compartment [6] . Overall, at least 25 different proteins are known to be able to form disease-associated, systemic or localised amyloid deposits in humans [1] . The first step of the fibrillation process is the partial unfolding of the amyloidogenic precursor to soluble, monomeric, non-native conformations that self-assemble into oligomeric aggregates characterised by a very fast kinetic of association and dissociation, highly sensitive to the interaction with hydrophobic surfaces, pH, ion strength and other factors that slightly fluctuate in the extracellular space [6] . Based on these highly dynamic conformational changes, structurally different soluble oligomers can arise at the same time, not all equally harmful, with only a few ultimately forming amyloid fibrils [7] . In addition, some of these pre-amyloid oligomers are well known to exert a direct cytotoxic effect [8] . Increasing evidence also supports the possibility that multiple, morphologically distinct forms of amyloid fibrils may be generated from a single amyloidogenic protein through different aggregation pathways [7] . Together with the primary amino acid structure of the protein itself, cellular and extracellular factors such as proteolytic remodelling and interaction with matrix components are known to impact on these aggregation pathways [6] . In AA amyloidogenesis, in which fibrils are invariably formed by N-terminal fragments spanning the first 66-76 amino acids of SAA, a pivotal role of proteolytic remodelling is supported by several studies [9, 10] , although it has not yet been ascertained whether this event takes place before or after the protein starts to aggregate. Interactions with glycosaminoglycans are also known to promote misfolding and aggregation of SAA both in vitro and in vivo and are able to accelerate it by acting as a scaffold for polymerisation [11, 12] . Overall, fibrillation is an unfavourable process in which proteins must overcome a thermodynamic and kinetic barrier and therefore is not unexpected that it occurs over a long time. However, once a first nucleus is formed, it acts as a seed for further polymerisation as the kinetic barrier collapses resulting in the accelerated growth of amyloid deposits. Such a nucleation-elongation model occurs for most amyloidogenic proteins. Similarly to what was originally proposed for prions, the structural determinants that drive fibril growth through the selection of additional molecules with similar conformation have now been increasingly characterised for a variety of other proteins and peptides [13] . These mechanisms of specific recognition among proteins are also at the basis of the ability of some molecules to cross-seed amyloid of different species. This is not only observed experimentally but it has also been demonstrated to occur in humans, as recently reported by Larsson et al, who showed that arterial wall deposits formed by medin can cross-seed AA amyloid fibrils [14] . These molecular recognition events also account for the potential infectivity of amyloid seeds, i.e., the well-known ability to experimentally induce amyloidosis in animals by inoculating even tiny amounts of a template of preformed fibrils. As for prions, AA seeding has been supported to occur also in vivo, by means of oro-faecal spreading of amyloid-contaminated faeces in captive cheetah [15] . Whether transmission of AA amyloid particles among species, including humans, could also take place through the food chain is still a matter of speculation [16] . The pathogenic relevance of seeding as a general mechanism underlying amyloid diseases is also supported by increasing evidence that in animals infected with Aβ, tau or other proteins associated with neurodegenerative diseases, early aggregates are able to spread through neuronal pathways and other still unknown transport mechanisms within the body, to reach the areas where the final damage occurs [17] . In mice, monocytes have been shown to serve as vehicles for AA amyloid seeds [18] . Together with the well-known observation that the spleen is the first organ where AA amyloidosis develops in mice, it is tempting to speculate that such seeding mechanisms might be involved not only in transmission and acceleration of amyloidogenesis but could also contribute to disease dissemination to target organs, resulting in seed-related tissue specificity [16, 17] .
Old and novel diseases causing AA
The spectrum of inflammatory diseases associated with AA has slowly but continuously changed over time. Chronic infections characterised by significant acute phase reaction, such as tuberculosis and osteomyelitis, have long been the main causes of AA amyloidosis and still remain relevant in some areas in developing countries [19] . In the past decades, chronic arthritis, particularly rheumatoid arthritis, ankylosing spondylitis and juvenile idiopathic arthritis have become major causes of AA amyloidosis, with RA being responsible for 30-60% of patients in different series [20] . However, thanks to more aggressive treatment schedules and to the increasing availability of anti-TNF treatments, the incidence of AA in chronic arthritides has slowly decreased in the past ten years [3] [4] [5] . This has led to a relative increase in the rate of other conditions that are well-recognised to significantly associate with AA, such as Crohn's disease, hereditary periodic fevers, malignancies, systemic vasculitides and diseases predisposing to recurrent infections, including cystic fibrosis, bronchiectasis, epidermolysis bullosa, cyclic neutropenia, acquired or inherited immunodeficiencies, injection-drug use and acne conglobata (table 1) . In a significant subset of patients, however, a clear-cut history for a defined chronic inflammatory condition is not present at diagnosis, although inflammatory markers might have been elevated for a relatively long time, in the absence of symptoms. In some of these patients a thorough work-up may actually lead to a final diagnosis, sometimes unveiling novel conditions associated with renal AA amyloidosis [21] . Increasing significance has recently been paid to obesity [22] and hepatitis B [5] although these are mostly mild inflammatory diseases. Interestingly, in a 13-year-old boy in which AA secondary to hepatitis B developed, a N-terminal mutation in the SAA gene was reported, that could potentially contribute to amyloidogenesis [23] . Finally, in most series the underlying disease ultimately remains unknown in 5-10% of patients. The potential contribution of still uncharacterised environmental or genetic factors is likely to play a role in these cases. Recently, in a 40-year-old woman with AA and persistent inflammation of unknown aetiology we found by Comparative Genomic Hybridisation (CGH) array, a technique which allows detection of copy number variations (i.e., small deletions and duplications) in the genome, a large (4.6 Mb) deletion on the long arm of chromosome 15 (unpublished data). The pathogenic significance of this finding remains elusive. However, it is intriguing that this region hosts SELS, the gene for selenoprotein S, which is a 189 amino acid protein expressed in many tissues and containing a selenocysteine residue at its active site. Selenoprotein S is an endoplasmic reticulum (ER)-associated protein that participates in the processing and removal of misfolded proteins from ER to cytosol, for proteasome degradation. Moreover, it has been found to interact with SAA and in vitro its suppression is associated with increased release of proinflammatory cytokines [24] . Other factors largely unknown could contribute to the individual susceptibility or resistance to the amyloid deposition and particularly scrutinised is the repertoire of intracellular and extracellular chaperone that each single individual could deploy against protein misfolding and aggregation [25] .
Is it possible to predict AA amyloidosis?
It is well known that only a minority of patients with a long-standing inflammatory disease ultimately develop AA amyloidosis. Protracted disease duration is expected to increase the risk of this complication. Median duration of inflammatory disease at diagnosis was 17 years in a large UK series [26] . However, exposure to high levels of SAA even for decades may not result in clinically overt AA. On the contrary, rapidly progressive kidney damage due to AA still occurs in children with familial Mediterranean fever before colchicine treatment is established, particularly in some populations, in which the latency period is therefore significantly shorter [27] . Several studies have focused on putative environmental or genetic factors that might increase susceptibility to AA and have prognostic significance, with the aim of identifying patients that would benefit from more aggressive treatments. To date, SAA genotype is the only established variable that significantly affects the risk of development of AA. Two different SAA isoforms, SAA1 and SAA2, account for the rise of SAA levels during the acute-phase response. In humans, three main SAA1 alleles are known, indicated as SAA1.1, SAA1.3 and SAA1.5, that differ for single amino acid substitutions at codons 52 and 57. In Japanese, homozygosity for SAA1.3 significantly increases the risk of AA and it is also associated with a shorter latency period prior to AA onset, more severe AArelated symptoms and poorer survival [28] . On the contrary, Caucasian subjects homozygous for SAA1.1 develop AA three to seven times more frequently than other genotypes [25] . Several questions remain open on the biological reasons of this discrepancy among different populations and on the molecular mechanisms by which these alleles variably affect AA development [29] .
Early and accurate diagnosis of AA amyloidosis
In more than 90% of cases the first sign of AA onset is glomerular proteinuria, which may exhibit an early association with slightly impaired renal function [25] . If left untreated, kidney damage invariably progresses to nephrotic syndrome and ultimately renal failure occurs, reaching end stage kidney disease (ESKD) in an unpredictable time course. Symptomatic autonomic dysfunction and cardiac amyloidosis are usually late manifestations. Repeated measurements of microalbuminuria, cystatin C and estimated creatinine clearance could help identifying patients in the earlier phases of the disease [30, 31] . Screening for subclinical AA amyloid deposits is also routinely performed in some centres in patients with RA, to identify those at higher risk for clinically overt AA amyloidosis. Although it is known that subclinical AA may occur without further development of organ damage, the identification of even asymptomatic amyloid deposits should prompt to a more effective control of inflammation [32] . To screen for subclinical AA or to ascertain the diagnosis, abdominal fat needle biopsy is now thoroughly recommended as the first choice approach to search for apple-green refringent amyloid deposits on Congo red stained tissue slides examined under polarised light [33, 34] . This technique was originally developed as a non-invasive method to look for AA amyloid deposits in patients with RA [35] , overcoming bleeding risks potentially associated with organ biopsy, and it has subsequently been validated by several groups [34] . This procedure is quick, safe and inexpensive and can also be performed repeatedly over time. In AA as well as in AL amyloidosis, its sensitivity and specificity are reported to be >90% and 100% respectively, in experienced hands [36] . Multiple sampling, correct staining protocol, long-observation, good polariser, room darkness are important to overcome low sensibility due the presence of scanty and unevenly distributed amyloid deposits and to avoid overdiagnosis due to white birefringence of collagen [33, 34] . Gastrointestinal biopsies are similarly suitable for the diagnosis of AA. Duodenal biopsy has higher sensitivity compared to colonic and rectum biopsies [37] . In Japan, screening by upper gastrointestinal tract biopsy is common, allowing early identification of amyloid in patients with RA Figure 1 Typical 2D-PAGE map of fat tissue in AA amyloidosis. A 73-year old man presented with signs of renal and gastrointestinal amyloidosis. Immunohistochemistry classified the disease as ALκ type. However, due to the absence of a serum or urine monoclonal component, with normal serum free kappa light chains and κ/λ ratio, this result was considered inconclusive. Proteomic analysis by means of two-dimensional polyacrylamide gel electrophoresis (2D-PAGE, left panel) showed the presence of abnormal spots (in the box) that are not found in controls. Mass spectrometry analysis of excised spots, followed by data base search (right panel) characterized these spots as N-terminal fragments of SAA, allowing definite typing of amyloidosis. [38] . A duodenal biopsy should particularly be considered in patients with chronic kidney disease in whom kidney biopsy cannot be performed, or in those with a negative abdominal fat aspirate [39] . Labial minor salivary glands are another easy and informative site to approach the diagnosis in patients with a negative abdominal fat biopsy [40] . In a recent study, its sensitivity and specificity in detecting AA amyloidosis were reported to be 86% and 100% respectively [41] . Organ biopsy, particularly kidney biopsy, is recommended in cases in which less invasive approaches have not been diagnostic and clinical suspicion remains high. With this in mind, in one retrospective series the actual incidence of bleeding complication was not higher in patients with amyloidosis compared with patients without it [42] . Typing of amyloid deposits is always mandatory. Immunohistochemistry with anti-SAA antibody on paraffin-embedded or frozen sections routinely allows a straightforward and definite diagnosis in most patients [33] , provided that a panel of validated antibodies is tested with appropriate controls [43, 44] . Careful interpretation of immunohistochemistry results is recommended, particularly in patients with a coincidental monoclonal gammopathy or carrying a genetic variant in one amyloidogenic protein. Cases ultimately inconclusive by standard immunohistochemistry or immunofluorescence may occur [33, 44] . Additionally, in patients in whom the underlying inflammatory aetiology remains unknown, further characterisation of amyloid deposits by a method different from immunohistochemistry should be performed. Such methods, that are mostly available at referral centres, include immuno-electron microscopy [45] , Western-Blotting [46] , extraction and amino acid sequencing of amyloid proteins from tissues [47] , and proteomicsbased methodologies, recently reviewed by Lavatelli and Vrana [48] . A prototypic case solved by proteomic analysis of abdominal fat is reported in figure 1 .
Prognosis
Once clinically overt kidney damage due to AA amyloidosis occurs, the prognosis is dictated by the effective control of the underlying inflammatory condition. In the largest series of AA patients reported to date, in which median survival from diagnosis was 133 months, it was clearly established that renal prognosis and survival significantly correlate with the SAA concentration during follow-up [26] . Even a mild raise in SAA levels (two times the upper reference limit) increases the risk of death by five fold. When the median annual concentration persists above 45 mg/L, such risk becomes more than 10-fold. On the contrary, SAA concentration within the lower reference range significantly reduces the risk of death and correlates with a regression of the amount of amyloid deposited, as assessed by SAP scintigraphy. Recently, in another series of AA patients with chronic arthritides, proteinuria at baseline was found to predict mortality [49] , which is consistent with poor prognosis associated with reduced serum albumin in other studies [26] . End-stage kidney disease requiring renal replacement therapy is associated with bad outcome. In a series of Finnish patients the median survival times on renal replacement therapy, either haemodialysis or peritoneal dialysis, were 2.11 years for RA, 2.37 years for ankylosing spondylitis and 3.05 for juvenile idiopathic arthritis, with 5-year survival rate being 18% in RA [50] . These figures are in agreement with data reported in Italian, Japanese and other populations [26, [51] [52] . Major causes of death in patients with ESKD are heart failure, including a higher rate of sudden death after haemodialysis is started, gastrointestinal bleeding and perforation, and an increased frequency of fatal infections [52] .
Goals of therapy
A rapid and complete control of the inflammatory process is the main goal of treatment in patients with AA amyloidosis, and thus basically depends on the nature of the underlying condition. SAA concentration should be strictly monitored over time to assess biochemical response to treatment. Persistence of asymptomatic inflammation is frequent and treatment should aim at suppressing it as much as possible. In particular, the risk of recurrent inflammatory flare-ups should never be overlooked. If a novel boost of inflammation arises, even when an adequate SAA control was obtained for a sufficient period of time to allow recovery of kidney damage, sudden worsening of proteinuria and/or rapid deterioration of renal failure still may occur. Whether this is due to the accelerated growth of deposits on pre-existing fibrils or might be related to a possible direct cytotoxic effect of pre-fibrillar oligomeric aggregates of SAA, still remains a matter of debate. However, the rapidity by which such worsening occurs and can be promptly reversed by a quick control of inflammation is reminiscent of the strict relationship between serum free light chains and cardiac toxicity in AL amyloidosis, in which the role of cardiotoxic aggregates has been advocated [53] . Recently, the importance of a tight control of blood pressure to improve renal response has also been highlighted, to prevent glomerular haemodynamic changes associated with suboptimal control of hypertension [54] . Early intervention with anti-TNFα agents, with or without methotrexate, is increasingly recommended in patients with AA secondary to rheumatoid arthritis. However, evidence still relies on small case series with a relatively short follow-up, and these do not yet allow a comparison between different treatment schedules. An excellent review of these studies has just been published [55] . In addition, a recent prospective, controlled study supports long-term efficacy of anti-TNF treatment in AA associated with rheumatic diseases, even in spite of suboptimal suppression of inflammatory markers. In this series renal dysfunction improved in 54% of patients and stabilised in 16%. However, a higher frequency of infections, including fatal sepsis, was observed in AA patients compared to controls, so the actual survival benefit still remains undetermined [49] . In autoinflammatory diseases, including familial Mediterranean fever (FMF), a dramatic change in our treatment capabilities occurred in the past ten years following the discovery that most of these pathologies are driven by abnormal IL-1β secretion and can be better controlled by means of anti-IL agents [56] . Even in FMF, which remains effectively treated by daily colchicine in more than 95% cases, anti IL-1 treatment may play a significant role in patients unresponsive or poorly tolerant to this therapy at standard doses, particularly when ESKD occurs [57] . Several areas of uncertainty still remain in the management of AA amyloidosis. One relevant issue is how aggressive the treatment should become in patients that show evidence of subclinical amyloid deposits. As only a minority of these patients probably will end up with kidney damage, the question is how to balance the potential benefits of preventing this complication towards the increased risks, particularly infective, related to immunosuppressive and anticytokine agents. A close follow-up with repeated SAA evaluations is mandatory. Although no prospective studies are available, SAA levels persistently over the threshold of 10 mg/L combined with at risk genotype should prompt to a more strict control of the inflammation. Finally, renal transplantation is an important option in patients with AA in which a stable control of the underlying disease has been achieved. However, appropriate patient selection is strongly recommended due to a significantly higher incidence of heart failure and infections in AA individuals, in whom 5-and 10-year mortality remains higher compared to controls, although graft survival does not differ [58] .
Emerging treatments
As discussed, once organ damage develops, the outcome of patients with AA can be poor, either because of lack or limited response to treatment, severe adverse events related to anti-inflammatory drugs or due to the absence of long-term effective therapies, i.e. in patients with cystic fibrosis and bronchiectasis. There is therefore an urgent need for additional treatment options that might act on different steps of the amyloidogenic cascade. Some novel drugs are now in the pipeline. One approach is the inhibition of the interaction of SAA with matrix glycosaminoglycans, which are known to promote protein misfolding and aggregation. In a phase II/III placebo-controlled study with eprodisate, a negatively charged sulfonated molecule, a significant reduction in renal function deterioration was observed in treated patients compared to controls, independently from the circulating SAA levels [59] . These promising results await further confirmation from an on-going phase III trial (www.clinicaltrial.gov NCT01215747). Another strategy steps from seminal studies on the pathogenic role of the common constituent of all amyloid deposits, serum amyloid P component (SAP), which binds amyloid fibrils and protect them from proteolysis and clearance. To promote fibril re-absorption, a high-affinity ligand of SAP, the bis-D-proline compound CPHPC was first developed [60] . Treatment with CPHPC depletes circulating levels of SAP by more than 90% but some SAP remains bound to fibrils. Recently however, Bodin et al. demonstrated that immunotherapy with anti-SAP antibody is able to eliminate visceral amyloid deposits in mice previously exposed to CPHPC [61] . Finally, a novel approach is represented by antisense oligonucleotides targeted to suppress the production of SAA. Preliminary data support effective reduction of SAA levels by this strategy, coupled with a limitation in AA deposition in mice [62] .
Conclusions
Early diagnosis and rapid control of the underlying inflammatory disease are of utmost importance to prevent irreversible organ damage and to improve survival in patients with AA amyloidosis. Monitoring of patients with sustained inflammatory diseases by serial evaluations of SAA, CRP, microalbuminuria, proteinuria, serum cystatin C and eGFR, combined with a periodic search for subclinical amyloid deposits on abdominal fat aspirate or duodenal biopsy, might help in identifying patients at higher risk of developing AA. Additionally, the assessment of SAA1 genotype may also contribute to guide treatment approach. As for other systemic amyloidoses, novel treatment approaches for AA are under development. The results of the on-going trial with eprodisate are eagerly awaited to confirm its efficacy in preventing renal deterioration in such fragile patients.
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Figure 1
Typical 2D-PAGE map of fat tissue in AA amyloidosis. A 73-year old man presented with signs of renal and gastrointestinal amyloidosis. Immunohistochemistry classified the disease as ALκ type. However, due to the absence of a serum or urine monoclonal component, with normal serum free kappa light chains and κ/λ ratio, this result was considered inconclusive. Proteomic analysis by means of two-dimensional polyacrylamide gel electrophoresis (2D-PAGE, left panel) showed the presence of abnormal spots (in the box) that are not found in controls. Mass spectrometry analysis of excised spots, followed by data base search (right panel) characterized these spots as N-terminal fragments of SAA, allowing definite typing of amyloidosis.
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